to a colored derivative in the presence of hemoprothin and hydrogen peroxide. Although characteristic absorption spectra make the direct analysis more specific, preliminary sample purification is often required, and sufficient sensitivity to achieve absorbance readings of 0.1 is limited to concentrations greater than about 10 (5) to 150 mg/liter. Conversely, the less-specific indirect analyses are potentially much more sensitive and usually require no prior purification, but their use has been limited by problems of color instability and relatively high blank color, as well as by interference from constituents of plasma and urine.
Of numerous leuco-dyes described, benzidine has been by far the most frequently used. We have compared important properties of this compound with those of o-dianisidine and of leuco-malachite green (LMG). In re-examining factors influencing color development, we especially emphasize the advantages of two apparently new conditions: the use of urea and of temperatures below 0 #{176}C. Modifications proposed have permitted fivefold or more increases in the absorptivity of relatively pure heme compounds, with greater stability, reduced "blank" color, improved solubility, and elimination of interfering color development by non-heme compounds.
The new systems we describe have been compared with two of the more sensitive methods now in use. The benzidine assay for hemoglobin developed by Hanks et al. (6) requires that absorbance be read exactly 3.5 mm after the reagents are added. In Tarukoski's method (7) o-dianisidine in phosphate buffer isused, with a 1.5-h incubation and a re-adjustment ofpH beforespectrophotometry.
The three classes of compounds studied, correspond to three groups of iron porphyrins (hemes) that react with these leuco-dyes in the presence of H202. These include (a) pseudo-peroxidases (hemoglobin, hemin, cytochrome c, and myoglobin),
(b) horse-radish peroxidase, and (c) catalase. We have documented the influence of several variables on color development in hemoglobin solutions. Though not our primary concern here, attention is also given to special problems relating to application of these methods to biological materials. 
Materials and Methods

Leuco-dyes
Results
Stability of absorption
spectra of the oxidized leuco-dyes at room temperature:
As seen in Figure 1 , the blue-green color developed from LMG yielded the most stableabsorptionpeak, maximum 620 nm, during the 70-mm study period.As the colorof the In each case the fInal concentrations of LMG and H202 were 3.0 and 0.27 g/lfter, respectively to 24 h. Blanks remained essentially colorless at -12 #{176}C. Temperatures below -12 #{176}C were not studied because this urea-containing reagent becomes a partially frozen slurry at about -15 #{176}C. Figure 4 shows that the ibsorbance in the benzidine-Il system was quite similar at all three temperatures. Results at -12 #{176}C, however, were affected by the insolubility of the colored product, and no attempt was made to resolubilize the material for further analysis. As seen visually, the initial green color persisted for about 5 mm at room temperature. At 1 and -12 #{176}C, an intermediate blue color lasted about 20 to 40 mm, respectively. In all cases, the final color was rose-brown (Am, 520 nm). Results with o-dianisidine tested at various temperatures in System II were similar to those found with benzidine-II.
The special value of low temperature for elimination of interfering oxidation of leuco-dyes by inorganic compounds is described below.
Double-dilution
curve: In addition to the initial skew obtained in a plot of transmittance versus hemoglobin concentration in the LMG system, an oppositely directed skew is obtained at high concentrations of Hb ( Figure 5 ). Direct dilution with water of 2 In Figure 2 , the studies in A and B were done at different times. As noted in the text (see also Figure 1 ), absorbance at 515 and 520 nm is essentially identical. Several different concentrations of urea were compared in tests of Hanks' system. Though identical concentrations were not used in parts A and B, this is not significant as regards the information being documented.
( Temperature effects: The LMG systems were tested with and without urea at -12 #{176}C and at room temperature.
Urea increased sensitivity at both temperatures only in the LMG-I system ( Figure 3) . Under all conditions, sensitivity was greatest at -12 #{176}C.
In the LMG-II system, pH 3.6,absorbance was maximum within 15 mm after peroxide was added, regardless oftemperature or concentration of urea. In the LMG-I system, room temperature, maximum absorbance was reached only after 140 mm or more without urea, compared to about 20 mm with urea.
At -12 #{176}C the corresponding times fell from 80 to 30 mm.
Tethperature effects were further compared at 25, 1,and -12 #{176}C in LMG-II and benzidine-II systems, each at pH 3.6 ( Figure 4) . Absorbance of samples kept at -12 #{176}C was about five times greater than those kept at room temperature in the LMG system. Absorbance at all temperatures for the blank-corrected samples remained virtually unchanged from 5 mm these latter concentrated samples, however, yields a linear plot for transmittance, as seen in the Insert to Figure 5 . Potential interference by non-heme compounds: Fe3+, Ce4+, and 0C1 ions oxidize these leuco-dyes (especially benzidine)at room temperature with or without added H202. Color development owing to FeC13, however, was completely eliminated at -12 #{176}C for at least 24 h (Figure6) . Differences in the reaction rates and shapes of the Hb and FeCl3 curves in this LMG-II system are also apparent. Oxidation of benzidine, but not of LMG, was also observed with Minneapolis "tap" water, tested only at room temperature.
Ascorbic acid (30 mg or more per liter) assayed with LMG-II in the absence of heme compounds exhibited a peroxidase-like action at room temperature. Hydrogen peroxide was required for color development. When assayed at -12 #{176}C, however, no color developed, even at a concentration of 1700 mg of ascorbic acid per liter. Ascorbic acid inhibited the peroxidase action of hemoglobin even at -12 #{176}C. On a molar basis, the pseudoperoxidases (hemoglobin, myoglobin, and cytochrome c) as well as horseradish peroxidase were roughly comparable in peroxidase activity within each assay tested at room temperature. Hb was about 2 to 10 times more active than hemin and catalase, and about 1000 to 5000 times more active than FeC13. All heme compounds (but not FeC!3)testedwith LMG showed greater activity at -12 #{176}C than at room temperature.
pH: Severalvariables, including the solvent system, affect the pH optimum.
As seen in Figure 7 , the optimum pH for LMG-I sensitivity was 2.2, while that forLMG-II was 3 to 4. Greatest color stability was also found at or near the pH optima. Benzidine and o-dianisidine were most reactive at pH 2.0 in System I,while theirreagentblanks were least colored at this pH. o-Dianisidine and benzidine were insoluble in System I at alkaline pH.3
Concentrations of leuco-dye and of hydrogen peroxide:
The optimum concentration of both LMG and benzidine in either system was approximately 3 g/ liter (Figure8). Sensitivity, however, was also dependent on the ratio of dye to peroxide. As seen in part B of Figure 8 , excessive amounts of either leuco-dye or of hydrogen peroxide inhibited the peroxidase activity of hemoglobin.
Final concentrations of 10 to 810 mg of H202 per liter were tested with LMG-II, all other conditions being kept constant. Serial measurements were made at short time intervals at both 460 ( Figure 9A ) and 620 ( Figure 9B ) nm. At 460 nm, both time and magFour points are emphasized in regard to use of glycine buffer:
(a) Glycine was used at all pH values to avoid introducing another variable. Figure 7B where pH values are elevated to 7, acetic acid was not used; System I, with alcohol, was used, with addition of NaOH to the pH noted.
(b) In
(c) We tested pH before and after addition of acetic acid to the buffer; pH changed by 0.1 unit or less at buffer pH of 4 or less.
(d) Under all conditions tested, strong buffering capacity is not needed. In part B, the addition of diluted Hb in saline had negligible effect on pH. 
Solvents:
LMG is sparingly soluble in water, but is quite solublein organic liquids. Of solvents tested, aceticacid and (toa somewhat lesser extent)methanol, ethanol, and acetone were most nearly ideal as regards intensity and stability of the developed color and of the reagent blank. Among other compounds tested, propylene and ethylene glycols and butanone were excellent solvents for the leuco-dyes and for plasma proteins, but they decreased or abolished the peroxidaseactivity of hemoglobin. When stock solutions were dilutedwith isotonic saline to hemoglobin concentrations of 5 to 100 mg/liter,peroxidase activityremained constant at room temperature for several hours. Activity decreased appreciably within a few hours if these dilutions were made with H20.
Recovery of hemoglobin in gastric juice:
The studies reported here were originally stimulated by the need for a rapid hemoglobin assay in gastric juice. Because of the large amount of bile pignent often present in these samples, direct spectrophotometric assay was not practical. Analyses were performed successfully with the LMG-II system by simply diluting the gastric juice with isotonic saline until it was almost colorless, and then proceeding with the assay. In several experiments, recovery of hemoglobin added to gastric juices ranged from 98% to 108%.
Recovery of hemoglobin in plasma and in urine: The systems described herein, and many more, have been tested in an attempt to completely eliminate the well-known inhibition of peroxidase activity by plasma or urine. These tests were unsuccessful, especially at very low concentrations of hemoglobin.
Discussion
Our studies emphasize the advantages of two modifications in the use of leuco-dyes for microestimation of heme compounds, namely the use of urea and of temperatures down to -12 #{176}C. Potential advantages of LMG are also noted, especially as regards its great stability, negligible blank color, and sensitivity.
Comparison of sensitivities claimed for different assays is complicated by the variable dilution factors used. Thus in their assays with benzidine, Crosby and Furth (8) diluted their test material 600-fold, Hanks The leuco-dyes tested here all appear to be deficient in one or more properties. Special advantages and disadvantages of each are summarized in Table 2 and in the discussion below. (See also reference 1 for further information on the use of these compounds for studies of biological materials.)
Benzidine: Described as a test for peroxidase activity by Adler in 1904 (cited in ref. 9), benzidine was used for the microestimation of hemoglobin by Wu in 1922 (10) . Modifications by Crosby and Furth (8) and by Hanks et al. (6) have been described above. The assay was automated by Spiegel and Tonchen (11) and by de Mendonca et al. (12) .
-A major advantage of benzidine is the linearity of its calibration curve. Maehly and Chance (9) emphasized a major disadvantage, saying, "this reaction can hardly be regarded as specific and reliable since numerous compounds give the initial blue color, such as copper salts, alkali metal halides, benzoyl peroxide, and others." The oxidation of benzidine (but not of LMG or of o-dianisidine)
by Minneapolis "tap" water has been noted above.
Rye et a!. (13) reviewed reportson the carcinogenicity of benzidine. They concluded that "benzidine can be a significant bladder carcinogen."
Local application has also produced skin tumors. The dihydrochloride is much safer than the base, presumably because it is much less volatile than the base, and is also absorbed more poorly from skin. Crosby and Furth (8) found that sulfates and usates form insoluble complexes with benzidine and thus interfere with the estimation of hemoglobin in urine. Overnight dialysis of urine against a NaCl solution (9 g/liter) permitted analysis in the nondialyzable fraction.
Attempts to establish stable isosbestic points for benzidine in our laboratory have been only partly successful. They will be described elsewhere.
o-Dianisidine: Both our own and other reported studies of this compound are relatively meager. Owen et al. (14) emphasized its great sensitivity for hemoglobin detection. Lupovitch and Zak (15) and Tarukoski (7) used it for quantitative assay of haptoglobin-hemoglobin complexes, taking advantage of differences in color production or in pH reactivity of Hb and of Hb-haptoglobin.
Tarukoski used ethyl hydroperoxide as oxidant, and reported a linear standard curve from 190 to 3000 mg/liter of Hb bound to haptoglobin. The absorption maximum was 395 nm at pH 2.1 in contrast to 440 nm at pH 4.1. Samples were diluted 300-fold for the assay. Lupovitch and Zak reported that light exposure was necessary for the reaction.
According to Rye et al. (13) there is no evidence of carcinogenicity for this compound. They suggest caution in its use, while noting that it is broken down along different metabolic pathways than is benzidine.
In our studies, o-dianisidine was found to have a very sharp activity maximum at pH 2.1, a moderate and rather unstable blank, and very great sensitivity. Light had no discernible effect on any of the three leuco-dyes tested in the urea-containing systems. Addition of urea about doubled o-dianisidine's sensitivity.
LMG: Because we know of no previous reports on the use of LMG for the microestimation of hemoglobin, its properties and potential usefulness have received our major attention.
LMG was included among the leuco-dyes tested by Adler (cited in ref. 9). Its use for peroxidase studies was described by Willstatter and Weber (16) , by Chance (17) (18) (19) , and by Mann (20) .
We found that LMG was by far the most stable reactant; absorbance remained essentially constant, after 5 to 20 mm, for more than 24 h. Blanks were also best, with absorbance readings (depending on temperature) of 0.000 to 0.02 even at 24 h, when read against H20. Sensitivity under optimum conditions was also the best observed, with 1.0 mg of hemoglobin per liter of final solution yielding an absorbance value of approximately 1.5.
Although it reacted at room temperature with nonheme compounds such as Fe3+ and ascorbic acid, LMG was no longer oxidized by them at -12 #{176}C.
(Benzidine reactivity with these compounds was not prevented by low temperature.) Absorption measurements at 620 nm, as used for LMG, are often a distinct advantage, because fewer potentially interfering materials absorb significantly at this wavelength than at 520 or 395-460 nm, the wavelengths used in analyses with benzidine or o-dianisidine, respectively.
The lack of complete linearity of LMG's calibration curve limits its sensitivity (and accuracy) at lowest levels, i.e., below a final concentration of hemoglobin of about 0.5 mg/liter at room temperature. Linearity at low concentrations of Hb is improved by lowering temperatures (Figure 3) , and complete linearity at higher concentrations is obtained by diluting the reacted samples ( Figure 5 ). Karush (21) , discussing the lack of linearity in the reaction of peroxidase and LMG, postulated the production and interaction of an, unknown intermediate.
-
Extractability
of (oxidized) malachite green into organic solvents (in contrast to nonextractability of oxidized benzidine) could permit increased sensitivity, if necessary. Finally the development of near maximum (and stable) color within about 5 mm is a definite advantage for LMG.
We know of no reports on carcinogenicity of LMG. On a molar basis, the optimum concentration of benzidine was about twice that of LMG, while the optimum concentration of H202 was about four times greater with benzidine than with LMG. This difference in H202 requirement seems reasonable, because twice as many hydrogen atoms are lost from LMG as from benzidine in the oxidation reaction. The ratio of H202 to donated hydrogen thus appears to be relatively constant for both dyes.
Several authors have called attention to increased color stability and reduced blank color at ice-bath temperature, but we know of no application of such cooling, or of cooling to below 0 #{176}C, to the quantitative assay of hemoproteins.
Finally, we emphasize that the present findings relate to tests of relatively pure hemoproteins. Color development with all three leuco-dyes tested, and especially with LMG, is inhibited markedly by plasma proteins and by urine, but apparently not by gastric juice. While generally recognized, published reports have often minimized such inhibition by demonstrating nearly complete recovery of added hemoglobin, but the quantities added were often about 100 to 600 mg of Hb per liter. At these high levels, binding capacities of inhibitor substances may be exceeded. We have been concerned with additions of less than 10 mg of Hb per liter, and have found no system that completely prevents inhibition by plasma of color development of these leuco-dyes.
In our studies, dialysis of urine (but not of plasma) against NaC1 solution (9 g/liter) removed the factor(s) that inhibited the peroxidase reaction with LMG. [A similar report was noted earlier for urine tested with benzidine (8) .]
